Purpose The current working model of type II testicular germ cell tumor (TGCT) pathogenesis states that carcinoma in situ arises during embryogenesis, is a necessary precursor, and always progresses to cancer. An implicit condition of this model is that only in utero exposures affect the development of TGCT in later life. In an age-period-cohort analysis, this working model contends an absence of calendar period deviations. We tested this contention using data from the SEER registries of the United States. Methods We assessed age-period-cohort models of TGCTs, seminomas, and nonseminomas for the period 1973-2008. Analyses were restricted to whites diagnosed at ages 15-74 years. We tested whether calendar period deviations were significant in TGCT incidence trends adjusted for age deviations and cohort effects. Results This analysis included 32,250 TGCTs (18,475 seminomas and 13,775 nonseminomas). Seminoma incidence trends have increased with an average annual percentage change in log-linear rates (net drift) of 1.25 %, relative to just 0.14 % for nonseminoma. In more recent time periods, TGCT incidence trends have plateaued and then undergone a slight decrease. Calendar period deviations were highly statistically significant in models of TGCT (p = 1.24 -9 ) and seminoma (p = 3.99 -14 ), after adjustment for age deviations and cohort effects; results for nonseminoma (p = 0.02) indicated that the effects of calendar period were much more muted. Conclusion Calendar period deviations play a significant role in incidence trends of TGCT, which indicates that postnatal exposures are etiologically relevant.
Introduction
Testicular germ cell tumors constitute 98 % of testicular cancers-the remaining 2 % of tumors arise from stromal cells [1] . Type II testicular germ cell tumors (hereafter referred to as TGCT) are the seminomatous and nonseminomatous tumors, which arise during adolescence and adulthood, and which are the focus of this study. Current evidence suggests that maldevelopment of the primordial germ cells gives rise to testicular carcinoma in situ (CIS), which is the recognized dormant precursor of TGCT [2, 3] . The current working model of TGCT pathogenesis states that CIS arises during embryogenesis [3] , is a necessary precursor of TGCT [4] , and always progresses to TGCT [5] [6] [7] [8] . An implicit condition of this model is that only in utero exposures can affect the development of TGCT in later life.
Previous age-period-cohort (APC) models have indicated that TGCT incidence trends predominantly follow a birth cohort effect [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and this is commonly interpreted as evidence for the current working model of TGCT pathogenesis. However, calendar period deviations (the nonlinear and identifiable parameter of calendar period effects) in TGCT incidence rates have also been observed [9, 11, 12, 15, [17] [18] [19] ; although such deviations may indicate that the current working model is incomplete, they are often not among the primary conclusions drawn. This may be due to the qualitative nature of APC modeling, which renders the exercise somewhat subjective. In addition, or alternatively, the extent of calendar period deviations may have been missed due to lack of stratification by race and histology.
To overcome these limitations and provide a statistical framework to supplement qualitative interpretations of APC analyses, we utilize novel methods to test for the importance of elements of the model with a specific focus on the influence of calendar period deviations on TGCT incidence rates [20] .
Methods

Cancer incidence data
To maximize the statistical power available for APC models of TGCTs, we concatenated populations and TGCT cases from the National Cancer Institute's Surveillance, Epidemiology, and End Results (SEER) program of 9 registries (1973-1991), 13 registries (1992-1999), and 17 registries (2000-2008), a similar method utilized in studies of other malignancies [11, [20] [21] [22] [23] . As a sensitivity analysis to ensure calendar period deviations were not the result of concatenation of SEER databases, we also conducted models using data from SEER 9 for the full period [27] . Such APC estimable parameters are net drift (period trend ? cohort trend) [28] , longitudinal age trend (age trend ? period trend) [29] , cross-sectional age trend (age trend -period trend) [29] , and age, period, and cohort deviations [30] .
APC models enabled fitted (smoothed or de-noised) rates to be estimated and graphed using maximum likelihood estimators into deconstructed APC models with estimable parameters [31] ; this method has consistently been shown to accurately represent the underlying data while providing gains in confidence about the estimates.
Statistical analysis
We conducted APC models of TGCTs, seminomas, and nonseminomas for the period 1973-2008. Analyses were restricted to whites, in order to provide viable numbers of cancer cases from a single racial group, and to ages 15-74 years, in order to exclude etiologically distinct infantile TGCT cases and ensure viable numbers for analysis. These APC models used 15 4-year age at diagnosis groups (ages 15-74 years) and nine 4-year time periods , resulting in 23 partially overlapping 8-year birth cohorts from 1902 to 1990 (referred to by midyear of birth).
We evaluated APC models for TGCT, seminoma, and nonseminoma. We also conducted pairwise statistical comparisons between the two histologic subgroups. In addition to providing qualitative and quantitative interpretation of these models, we aimed to provide a focus on elucidating the effects, if any, of calendar period on incidence rates of these malignancies. This included the assessment of the net drift, which is the sum of linear effects attributable to birth cohort and calendar period for all age groups combined [28] . The net drift is an estimate of the average annual percentage change in the logarithm of the incidence rates over time and is conceptually similar to the estimated annual percentage change in the agestandardized incidence rate. We graphed fitted cross-sectional age curves and fitted temporal trends [31] . We also graphed the calendar period rate ratio curve, which provides an estimate of the rate ratio for each calendar period relative to an arbitrary reference period (here, the midcalendar period [1989] [1990] [1991] [1992] ), adjusted for effects of age and cohort. Lastly, we formally tested whether the linear or nonlinear components of the calendar period rate ratio curves were statistically significant after adjustment for effects of age and cohort. It is important to realize that the linear component, modeled as net drift, represents the sum of linear effects attributable to calendar period and birth cohort. The nonlinear component is the calendar period deviations, which can be uniquely attributed to effects of calendar period given adjustment for age deviations and cohort effects (net drift and cohort deviations) [27] . All tests were two-sided, and p values less than 0.05 were considered to be statistically significant. MATLAB R2011b (The MathWorks Inc., Natick, MA) was used for analysis with APC tools previously described [20, 31] .
Results
From 1973 to 2008, there were 32,250 diagnoses of TGCT in men aged 15-74 years in our SEER concatenated dataset. Of these, 18,475 were seminomas and 13,775 nonseminomas. These numbers were assessed using APC models, as described, and qualitative interpretations of normal probability plots of the deviance residuals indicated that the model fitted the data well ( Supplementary  Figures 1-3 ). APC models enabled fitted (smoothed or de-noised) rates to be estimated and graphed [31] . Figure 1a shows fitted cross-sectional age curves, which serves to reiterate the well-understood fact that nonseminoma is an earlier onset disease with a median age of approximately 25 years, relative to the later onset seminoma which peaks at approximately 35 years of age. Figure 1b shows fitted temporal trends of TGCT, seminoma, and nonseminoma. As can be seen, seminoma is the most incident testicular cancer histology for the age range included in this analysis. Furthermore over the 36-year period analyzed, it is clear that the incidence of seminoma has increased at a much greater rate compared with nonseminoma. Indeed, the net drift was 1.25 % for seminoma and just 0.14 % for nonseminoma, a difference that was statistically significant (Wald statistic = 12.99, 1 df, v 2 p value = 0.0003). The net drift for TGCT was 0.89 % for same time period. The calendar period relative risk curves (Fig. 2) accentuate these patterns and emphasize the differences in net drift. From Figs. 1b and 2 , it can be seen that TGCT, and seminoma in particular, increased in incidence until approximately 1990 at which time it began to plateau followed, more recently, by a slight decrease. Incidence rates of nonseminoma, meanwhile, have varied much less and present a more stable pattern over the 36-year period.
We also examined whether the linear or nonlinear components of the calendar period rate ratio curves were statistically significant after adjustment for effects of age and cohort (see Table 1 ). Linear and nonlinear components were highly statistically significant in models of TGCT and seminoma cancer incidence; for nonseminoma, the results were much more muted-the linear effect p value was 0.5, while the nonlinear effect p value was 0.02.
The sensitivity analyses restricted to SEER 9 data included 19,933 TGCTs (11,382 seminomas and 8,551 nonseminomas) and provided similar results (Supplementary Figures 4 and 5, and Supplementary Table) and identical inferences.
Discussion
In this analysis of SEER data, we have found evidence to suggest that period deviations play a significant role in incidence trends of TGCT. This is an important observation given the current working model of TGCT pathogenesis, which states that only in utero exposures affect the development of TGCT-such a model predicts an absence of period effects in APC models of TGCT incidence rates. Therefore, our finding that period deviations are a significant component of TGCT incidence rates indicates that postnatal risk factors are etiologically relevant, a thesis supported by qualitative observations made in previous studies [9, 11, 12, 15, [17] [18] [19] .
It is interesting to note that the evidence we present also suggests that period deviations are more important in seminoma compared with nonseminoma. As noted herein, and is well understood by the field, seminoma has a later Rate per 100,000 man-years age of diagnosis. If such is a proxy for age of carcinogenic transformation, then maybe this presents a greater time window for postnatal exposures to mediate risk of seminoma development relative to that for nonseminoma. This is commensurate with seminoma having a greater net drift, a more pronounced calendar period rate ratio curve, and highly statistically significant nonlinear effects of calendar period after adjustment for age deviations and cohort effects, relative to nonseminoma. If calendar period effects are important in TGCT incidence trends and this reflects exposures which can mediate TGCT risk across a broad range of ages, then what epidemiologic evidence is there to support such? Exposures such as endogenous hormones [1] , adult height [32] , early age at puberty [15, 33] , consumption of fats, milk, and dairy products [15, 33] and marijuana use [34, 35] have been associated with TGCT, but it could be argued that these ''exposures'' are determined prenatally and/or are mere confounders of a prenatal exposure. Associations with occupation would be less easily dismissed if these associations were more consistent [1] . The evidence that surgical intervention for cryptorchidism affects TGCT risk is provocative and supports the idea that postnatal factors can affect TGCT risk [36] . Overall, however, there is a paucity of identified risk factors for TGCT whose effects can be confined to the postnatal period. It is possible that some of the inconsistency in postnatal risk factors, such as occupation, could be due to combining seminoma and nonseminoma into a single analytic group, especially given that the results presented herein argue for a stronger effect of period deviations in seminoma compared with nonseminoma. However, to-date, there is limited evidence to suggest that there exists a histologic dissimilarity in risk factors [1] ; this may be partly attributable to the low statistical power of subgroup analyses, which have been conducted of this rare malignancy.
Alternatively, the prevalence, and thus effect, of postnatal risk factors for TGCT could vary by geography. Indeed, an APC analysis of Norwegian data (1958-1992, ages found that a statistical model with ''acceptable best fit'' could be achieved by including the variables age and birth cohort only [37] . Subsequent work following this paper found that a frailty model, whereby a small proportion of individuals are deemed as having extremely high risk of TGCT from birth and a larger group deemed as having extremely low risk, fits Norwegian and Danish TGCT incidence data fairly well [8, 38] . While these studies re-emphasize the idea that key, likely necessary, carcinogenic events for future TGCT development take place during pre-or perinatal development-something which we do not dispute-they do not deem these carcinogenic events as definitive in the risk they confer for TGCT, and thus do not contravene the thesis laid-out here that postnatal exposures are etiologically relevant. Strengths of this analysis include the use of high-quality cancer registry data; SEER has extensive quality control procedures that have been in place for many years [39, 40] . In addition, these data are large-scale and populationbased, which increases the generalizability of results to the wider US population. We also used novel statistical pairwise comparisons of APC models [20] , which strengthens the validity and objectivity of the differences detected by adding a quantitative level to something which has often been subject to qualitative interpretations. Limitations of our analysis include the use of concatenated SEER databases, which causes expansion of the US population under study at 1992 and 2000. However, analyses restricted to SEER 9 registries provided similar results both qualitatively and quantitatively. In addition, we restrict our analyses to whites as other races provide very low numbers of cases for analysis, given the relative rarity of this tumor in such groups and the potential for etiologic heterogeneity by race. Lastly, the well-documented identifiability constraint precludes changes in incidence rates being uniquely assigned to influences (sum of linear and nonlinear components) of age, period or cohort, due to the co-linear nature of these metrics [30] . However, the statistical significance of nonlinear effects (deviations) of calendar period, once adjusted for age deviations and cohort influences, can be uniquely attributed to the influence of calendar period.
In conclusion, we have found evidence to suggest that period deviations play a significant role in incidence trends of TGCT, which indicate that postnatal exposures are etiologically relevant. This is especially true for seminoma, thus future epidemiologic studies should strive to elucidate histologic heterogeneity in risk factor profiles.
